Abstract
Introduction
Magnetoresistance (MR) is the property of a material to change its electrical resistance in accordance with an external magnetic field. Ordinary Magnetoresistance (OMR) [1] is exhibited by bulk materials (non-magnetic metals and semiconductor materials), since the conduction electrons are forced to move in helical trajectories due to Lorentz Forceexerted by the applied magnetic field; but its value is very small (~5%) and is therefore not suitable for any practical applications.
Another class of magnetoresistance called Anisotropic Magnetoresistance (AMR) [2] , discovered by W. Thomson [3] in 1856, is exhibited by ferromagnetic metals and alloys, and is dependent upon the relative direction of electric current and applied magnetic field; however, its value also is small (2% to 5%). Nonetheless, research and technological advancements have made it possible to synthesize multicomponent or multilayer materials with higher magnetoresistance. These include Giant Magnetoresistance (GMR) [4, 5] , Tunneling Magnetoresistance (TMR) [6] and Colossal Magnetoresistance (CMR) [7, 8] . Magnetoresistance can be expressed as [9] , (1) where, is the magnetoresistance in %, is the resistance offered by the MR element in saturation magnetic field ( ) and is the resistance offered by the same MR element at .
MOSFETs [10] are unipolar devices with high input impedance, low output impedance and their switching can be controlled by the applied electric field. The best property of MOSFETs (unlike that of JFETs) is that these can be operated not only in depletion mode (normally ON state), but also in enhancement mode (normally OFF state) and hence find applications in switching digital systems.
Our research addresses the problem of designing and analysing a magnetically switchable MOSFET which will prove to be useful in the development of magneto-electronic This research, therefore proposes to control the electric field applied across n-channel e-MOSFETs using the magnetoresistance phenomenon (the same concept can be extrapolated to p-channel e-MOSFETs as well); and proposes the use of GMR, TMR and CMR elements for the purpose of designing a magnetically switchable MOSFET.
Various research activities and advancements have been made, individually, in the fields of MOSFET design, its analysis andapplications, and magnetoresistance; however, our research focuses on the fusion of both, MOSFET design and magnetoresistance, in order to design a magnetically switchable MOSFET and analyse its behaviour.
Proposed Method
As shown in Figure 1 , the input gate voltage is responsible for the generation of electric charges on the metal (Al) contact at the gate. This further induces equal and opposite charges on the substrate side due to the MOS capacitor system. Upto a certain threshold gate voltage, [11] (determined from the transfer characteristics of the MOSFET), the induced charges counter the oppositely charged dopant ions present in the substrate, thereby forming a depletion layer. Further increasing the gate voltage leads to the formation of an inversion layer in the substrate region and thus, a drain current flows through the induced channel from drain to source. 
If appropriate values of and are chosen such that , the MOSFETwill act as an open switch (OFF state); else, if , the MOSFET will act as a closed switch (ON state). The switching of an n-channel e-MOSFET has been summarized in Table 1 . Now if we fix the value of and replace the resistor with a magnetoresistive element, we will be able to vary using an external magnetic field; and thus, be able to control switching of the MOSFET. Accordingly, a magnetically switchable MOSFET shall be formed.
Research Method
For the purpose of designing and simulating a magnetically switchable MOSFET, the input voltage was fixed at 5.0V and was fixed at 100Ω. The threshold voltage, was taken to be 1.5V. The value of was calculated using equation 2 (by replacing with ), such that the MOSFET remained in OFF state.
( ) ( )
The nearest standard value of , i.e. 240 Ω, was considered for calculations. The values of magnetoresistance for GMR, TMR and CMR elements were used to study the switching characteristics of the MOSFET. For this purpose, MR values at room temperature (300 K) were taken as follows: GMR=42% [12] , TMR=81% [13] and CMR=95% [14]. The resistance offered by different MR elements in a saturation magnetic field was calculated using equation 1, as follows:
The magnitudes of corresponding to GMR, TMR and CMR were calculated, and used to study the behavioural characteristics of the magnetically switchable MOSFET. After confirming the simulation results, a simple design of magnetically switchable MOSFET, which can be manufactured using existing technology without much alterations in production techniques, was proposed. 
Results and Discussion
The simulation results confirmed the expected behaviour of the magnetically switchable MOSFET. It was seen that as the magnetoresistance value increased, so did the gate-source voltage and consequently, the drain current also went on increasing thereby switching the MOSFET from OFF state to ON state in presence of magnetic field. This can be inferred from the drain characteristics of the magnetically switchable MOSFET as shown in Figure 3 .
Figure 3. Drain characteristics of MOSFET with GMR, TMR and CMR elements
When analyzed the variation of the gate-source voltage with respect to the magnetoresistance value ass hwon in Figure 4 , it not only indicated that increased for a higher MR value but also pinpointed a more important aspect of the magnetically switchable MOSFET. Since the threshold voltage of the MOSFET used for simulation was 1.5V, it switched ON successfully in case of all the three MR elements. However, if the threshold value was to be considerably above 2.09V ( of MOSFET with GMR element), the MOSFET would not switch ON in case of GMR element; and if it was to be considerably above 3.43V ( of MOSFET with TMR element), the MOSFET would switch ON only in case of CMR element (refer to Simulation also indicated that the input resistance is inversely proportional to the magnetoresistance value of the MR element as shown in Figure 5 , which is in accordance with equation 1. As shown in Figure 6 , the drain current showed a significant increase in its magnitude from GMR element (least MR value) to CMR element (highest MR value). This can also be inferred from the drain characteristics of the MOSFET as shown in Figure 3 . The design of a magnetically switchable n-channel e-MOSFET was proposed by internally connecting a magnetoresistive element '
' at the gateand a variable resistor' ' across the gate and sourceof the MOSFET package as shown in Figure 7 . Note that the variation terminal (screw, or similar) of the variable resistor is to be brought outside the package for its convenient variation. Also note that a fixed resistor may be used but, will require the input parameters of the MOSFET (like , , etc.) to be restricted. 
Conclusion
Thus, a magnetically switchable MOSFET was designed with the application of magnetoresistive elements. Analysis showed that in absence of an external magnetic field ( ), the resistance of MR elements was high (240Ω). However, in the presence of external magnetic field ( ), the resistance was reduced to 139.2Ω, 45.6Ω and 12.0Ω, respectively for GMR, TMR and CMR elements. This resulted in greater value of (such that ), which switched ON the MOSFET.The magnetic switching of MOSFET is summarized in Table 3 . It was also concluded that the switching of such a MOSFET will not only depend upon its threshold voltage, but also on the magnetoresistance of the MR element. 
